Emerging wearable technologies like head-mounted displays (e.g., Google Glass) and wrist-worn devices (e.g., Fitbit, Apple Watch 2.0) are always available, have the potential to provide quick access to information and offer relatively hands-free interaction compared to smartphones. Additionally, they can collect continuous health and fitness-related information of their wearer. For people with disabilities, these technologies may also offer possibilities of independent use. However, people with upper body motor impairments may not be able to gain from the potential benefits that these wearables can offer. For example, challenges related to performing multitouch gestures and text entry, may magnify as the interaction space of some wearables gets even smaller. In my dissertation, I explore the potential impacts and assess the accessibility of existing mainstream wearable technologies, including head-mounted displays, smartwatches, and fitness trackers. Consequently, I implement and evaluate accessible wearable interactions for people with motor impairments for these wearables, specifically head-mounted displays and smartwatches.
Introduction
There are over 20 million people in the U.S. who have upper body motor impairments that impact the hands and arms, like lack of sensation, tremors or spasms [7] . Though using mobile devices like smartphones and tablets offer possibilities of independence [2, 6] , people with upper body motor impairments may have difficulty performing basic multi-touch gestures (e.g., [1] ), text entry (e.g., [2] ) or pulling out the phone from a pocket or bag [6] . At the other end of the spectrum are emerging wearable technologies like head-mounted displays (HMDs) and wristworn devices that provide quick access to information, are always available, and may offer relatively hands-free interaction when compared to smartphones. These latter technologies may have the potential to alleviate existing challenges with smartphone interactions for people with motor impairments. In my dissertation, I investigate the potential of emerging wearable technologies for people with motor impairments by exploring, designing, implementing and evaluating novel, accessible interaction techniques for equal and independent access. We built an alternative input technique using wearable touchpads to control Google Glass: a participant's input causing Glass to slide (left), three sizes of touchpads (center) and a participant using the side of his fingers to tap on the touchpads he placed on his wheelchair (right).
To inform the design of future wearable technologies, my dissertation investigates three threads of research: (1) assessing the accessibility of common wearable technologies, HMDs, smartwatches, and fitness trackers; (2) understanding the potential impacts for people with mobility impairments of sharing fitness data from existing activity-tracking wearables, specifically; and (3) implementing and evaluating accessible interactions for common wearables, specifically HMDs and smartwatches.
Accessibility of Wearables
To understand the accessibility of existing wearable technologies and potential impacts of these technologies for people with motor impairments, we conducted a series of exploratory studies.
Head-mounted Displays
We conducted formative semi-structured interviews with six people with upper body motor impairments to understand the extent to which an existing HMD (Google Glass) is accessible [3] . While participants listed many potential benefits of Glass, almost half the participants could not use the built-in touchpad to control Glass ( Figure 1 ). Use of the built-in touchpad of Glass depended on each person's motor abilities. These findings motivated us to implement an alternative input mechanism that would be easy to learn and use by people with varying physical strengths, be socially acceptable and support use in a mobile context.
Activity-Tracking Wearables
To investigate the potential impacts and accessibility of activity tracking wearables, we conducted in-person interviews, evaluated two commercial wearable trackers and concluded the session with a participatory design activity with 14 people with a range of mobility impairments [4] . A subset of this group also took part in a week-long field trial to evaluate the accessibility of a mobile fitness app. As a result, we identified multiple accessibility problems: irrelevant tracking, inaccessible form factor, small size of the display and buttons. Our participatory design activity revealed that all participants wanted a wearable form factor that would be easy to put on, unobtrusive and embedded within an existing object to overcome stigma associated with assistive technology. Additionally, we provided design guidelines like the need to support a wide range of movements via personalized activity tracking algorithms, the need to expand tracking to include metrics like wheelchair pushing and also include guidance on user safety and sharing data with relevant people.
Implications of Sharing Data
From the previous work on accessibility of existing activity tracking wearables [4] , we found that people with mobility impairments wanted the ability to track and share their fitness related activities with peers with similar impairments [5] . As part of the second thread of my dissertation research, we explored this idea further by conducting semi-structured interviews with ten therapists followed by a design probe activity with a website PatientsLikeMe. We also conducted semi-structured interviews with ten people with mobility impairments. Our findings highlighted benefits of sharing like learning more about one's condition for people with mobility impairments and an overall understanding of patient's activities outside therapy for therapists. However, some challenges with sharing were depression and demotivation by comparison with others. We also identified design opportunities to build tools to support sharing such as the ability to share health-related data anonymously, the ability to find peers with similar conditions, goals or functional abilities and the ability to provide professional validation on activities that others may be doing.
Accessible Wearable Interactions
For the third thread of my research, I built and evaluated a potential solution for accessible interaction of a head-mounted display [3] . For the rest of my thesis work, I will focus on building and evaluating a suite of accessible interaction techniques for wrist-worn wearables, specifically for smartwatches.
Wearable Touchpads to Control HMDs
Building on the findings from our formative work, we built an alternative input mechanism consisting of four switch-based touchpads of three sizes made from pressure-sensitive conductive sheeting ( Figure 1 ). We conducted a controlled experiment with twelve participants and evaluated the input performance of using the three sizes of touchpads and personalization patterns of touchpad placement (on-body or wheelchair) [3] . All participants could use the wearable touchpads to control Glass, as opposed to the built-in Glass touchpad. Participants' choice of touchpad placement depended on their motor abilities. While wearable touchpads offer one promising solution, practical issues like interference with everyday activities and accidental tapping should be considered for future work.
Accessible Interactions for Smartwatches
To examine accessible smartwatch gestures for people with motor impairments, I plan to investigate interactions based on the principles of ability-based design [8] and user-defined gestures [9] by conducting a study with 10-14 people with motor impairments. In this study, I will expand the interaction space to include both, the touchscreen and non-touchscreen (including bezel, wristband and on-body locations near the smartwatch) areas of the smartwatch. Data from this study will help me in understanding accessible interactions for smartwatches and identifying characteristics of people with motor impairments. Finally, based on these findings, I will implement and evaluate a suite of accessible interaction techniques utilizing the space on and around the smartwatch to expand the range of accessible inputs compared to current smartwatches. I will present performance evaluations of the new interaction techniques along with potential social (comfort and privacy) implications of using the new interaction techniques for information access.
Expected Contributions
This research will enable independent use and equal access of wearable technologies for people with motor impairments. The specific contributions will be: (1) empirical evidence of the potential benefits and inaccessibility of existing wearable technologies-HMDs, and wrist-worn wearables; (2) identification of opportunities for building tools to share automatically tracked health and fitness-related data by wearables of people with motor impairments with therapists and peers with similar impairments; (3) a simple, customizable wearable input solution to control HMDs and a suite of accessible interaction techniques for smartwatches for people with motor impairments; (4) design guidelines for accessible smartwatch gestures for people with upper body motor impairments; (5) performance evaluation of the new accessible smartwatch interaction techniques.
